Molecular chaperones, inducible by heat shock and a variety of other stresses, have critical roles in protein homeostasis, balancing cell stress with adaptation, survival, and cell death mechanisms. In transformed cells and tumors, chaperones are frequently overexpressed, with constitutive activation of the heat shock transcription factor HSF1 implicated in tumor formation. Here, we describe the activity of triptolide, a diterpene triepoxide from the plant Triptergium wilfordii, as an inhibitor of the human heat shock response. Triptolide treatment of human tissue culture cells prevented the inducible expression of heat shock genes, shown by suppression of an HSP70 promoter-reporter construct and by suppression of endogenous HSP70 gene expression. Upon examining the steps in the HSF1 activation pathway, we found that triptolide abrogates the transactivation function of HSF1 without interfering in the early events of trimer formation, hyperphosphorylation, and DNA binding. The ability of triptolide to inhibit the heat shock response renders these cells sensitive to stress-induced cell death, which may be of great relevance to cancer treatments. Several cancer strategies have focused on the inhibition of individual chaperones. For instance, inhibition of HSP90 by the fungal antibiotic radicicol, the benzoquinone ansamycin geldanamycin, and the geldanamycin-related analog 17-allylamino-17-demethoxygeldanamycin (17-AAG), which has been shown to potently reduce tumor growth, is currently in clinical trials (4). Depletion of HSP70 levels by antisense RNAs causes cell death in transformed cell lines, but not in nontransformed cells, and inhibits tumorigenesis in xenograft models (5, 6). Similar anticancer effects have also been observed with antisense RNA against HSP27 (7).
Molecular chaperones, inducible by heat shock and a variety of other stresses, have critical roles in protein homeostasis, balancing cell stress with adaptation, survival, and cell death mechanisms. In transformed cells and tumors, chaperones are frequently overexpressed, with constitutive activation of the heat shock transcription factor HSF1 implicated in tumor formation. Here, we describe the activity of triptolide, a diterpene triepoxide from the plant Triptergium wilfordii, as an inhibitor of the human heat shock response. Triptolide treatment of human tissue culture cells prevented the inducible expression of heat shock genes, shown by suppression of an HSP70 promoter-reporter construct and by suppression of endogenous HSP70 gene expression. Upon examining the steps in the HSF1 activation pathway, we found that triptolide abrogates the transactivation function of HSF1 without interfering in the early events of trimer formation, hyperphosphorylation, and DNA binding. The ability of triptolide to inhibit the heat shock response renders these cells sensitive to stress-induced cell death, which may be of great relevance to cancer treatments.
Elevated levels of heat shock protein expression have been identified as a biomarker for many cancers and are correlated with poor prognosis (reviewed in Ref. 1). Molecular chaperones have diverse roles in the regulation of signal transduction and in numerous aspects of cell growth and cell death. At the level of specific chaperones, HSP90, HSP70, and HSP27 have each been implicated in promoting cancer. HSP90 regulates the activities of many signaling molecules and kinases important in cancer, including NF-B, p53, Raf1, Akt, and steroid aporeceptors (reviewed in Ref. 2) . In addition, HSP90, HSP70, and HSP27 have been shown to be anti-apoptotic (reviewed in Ref. 3) . Although they serve to prevent stressed primary cells from initiating cell death, in transformed cells the elevated levels of these chaperones may interfere with the proper regulation of caspase activities.
Several cancer strategies have focused on the inhibition of individual chaperones. For instance, inhibition of HSP90 by the fungal antibiotic radicicol, the benzoquinone ansamycin geldanamycin, and the geldanamycin-related analog 17-allylamino-17-demethoxygeldanamycin (17-AAG), which has been shown to potently reduce tumor growth, is currently in clinical trials (4) . Depletion of HSP70 levels by antisense RNAs causes cell death in transformed cell lines, but not in nontransformed cells, and inhibits tumorigenesis in xenograft models (5, 6) . Similar anticancer effects have also been observed with antisense RNA against HSP27 (7) .
The regulation of heat shock gene expression is complex and involves a multitude of promoter elements that confer responses to specific signals and growth factors (8 -12) . Common to all heat shock-induced genes are heat shock elements, promoter sites that have high affinity for binding to a family of heat shock transcription factors (HSFs). 4 HSF1 is well characterized and is essential for the heat shock response (reviewed in Ref. 13) . Upon induction by diverse stimuli, HSF1 trimerizes and binds to the promoters of target genes. HSF1 must be hyperphosphorylated to become transcriptionally activated and induce a rapid and coordinate increase in molecular chaperone levels. Elevated levels of chaperones allow for recognition and processing of misfolded polypeptides that appear in stressed cells and promote recovery from protein damage. In addition to the many known activators of the heat shock response, including elevated temperature, heavy metals, oxidants, and a variety of small molecules (reviewed in Ref. 14) , various disease states are also correlated with altered molecular chaperone expression levels, including inflammation, ischemia, tissue wounding and repair, cancer, and neurodegenerative diseases. Therefore, the levels of chaperones and the relative proportions of individual chaperones within chaperone networks may be critical in determining the state of the cell.
The recent evidence that HSF1 levels and activities are up-regulated in certain cancers (15) (16) (17) suggests that it may be more effective to target multiple chaperones at once instead of targeting individual chaperones separately. A logical direction, therefore, would be at the level of pharmacological control of heat shock gene expression. Although many classes of inducers of the heat shock response are known, only a small number of inhibitors have been identified. These include quercetin, a flavonoid found in apples, onions, and black tea, which was shown to decrease HSF1 activity and HSP70 expression (18 -22) , and KNK437, a benzylidene lactam compound that reduces HSP70 expression by an unknown mechanism (23) . Triptolide, a diterpene triepoxide derived from the Chinese plant Triptergium wilfordii, was identified in our laboratory as part of a small molecule screen for regulators of human heat shock gene transcription. Triptolide is a biologically active molecule, as several groups have studied its ability to inhibit cell growth, induce apoptosis, and suppress NF-B and activator protein-1 (AP-1) transcriptional activation (24 -26) . However, triptolide is not a general inhibitor of transcription, as it has been previously shown that triptolide does not inhibit the cytomegalovirus-luciferase or SV40-luciferase reporters and that triptolide does not inhibit DNA damage-induced GADD45 and MAP4 RNA levels (26, 27) . Here, we show that triptolide is a potent inhibitor of the transcriptional activity of HSF1 and thus suppresses expression of heat shock genes and sensitizes cells to stressinduced apoptosis.
EXPERIMENTAL PROCEDURES
Cell Culture and Drug Treatment Conditions-Human HeLa, stable HSP70.1 promoter-luciferase reporter HeLa, and 293T cell lines were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The cells were maintained at 5% CO 2 . The stable cell line was prepared as previously reported (28) . Triptolide, obtained from Calbiochem, was dissolved in dimethyl sulfate at a concentration of 10 mM and added to cells at the indicated concentrations. Heat shock was administered by submerging cells in a pre-warmed circulating 42°C water bath for the indicated times.
Plasmids, Transfection, and Luciferase Assays-The GAL4-HSF1 fusion construct contains GAL4 residues 1-147 and HSF1 residues 124 -503 (29) . For transient transfection experiments, 293T cells were transfected using Polyfect (Qiagen, Valencia, CA) according to manufacturer's protocol. For experiments with the stable HSP70.1 promoterluciferase reporter HeLa cell line, cells were plated to 1 ϫ 10 4 cells/well in 96-well plates 24 h prior to transfection. Luciferase assays were performed using the Bright-Glo assay system (Promega, Madison, WI) according to manufacturer's instructions.
Electrophoretic Gel Mobility Shift Assays-Electrophoretic mobility shift analysis was executed as described previously (30) using a 32 Plabeled probe containing the proximal heat shock element from the human HSP70.1 gene promoter.
RNA Extraction and Reverse Transcription-PCR-Total RNA was isolated using TRIzol reagent (Invitrogen) and treated with DNase. Analysis of RNA was performed by reverse transcription-PCR (RT-PCR). The HSP70 primers were: 5Ј-AGAGCCGAGCCGACAGAG-3Ј (forward) and 5Ј-CACCTTGCCGTGTTGGAA-3Ј (reverse). The 18S rRNA primers were: 5Ј-CGTCTGCCCTATCAACTTTCG-3Ј (forward) and 5Ј-TGCCTTCCTTGGATGTGGTAG-3Ј (reverse). PCR reactions were carried out for 25 cycles.
Western Blot Analysis-Western blot analysis was performed using the Odyssey system (Li-COR, Lincoln, NE). The HSF1 r2 antibody (31) was used at a 1:5,000 dilution.
Chromatin Immunoprecipitation Assays-Chromatin immunoprecipitation reactions were performed as described previously (28) . HeLa S3 cells exposed to the indicated treatments were cross-linked with 1% formaldehyde, sonicated, and immunoprecipitated with 10 l of HSF1 r2 antibody at 4°C overnight. PCR analysis was performed on DNA isolated from the immunoprecipitated protein using primers specific to the HSP70.1 promoter. The primers used were 5Ј-GGCGAAACCCC-TGGAATATTCCCGA-3Ј (forward) and 5Ј-AGCCTTGGGACAAC-GGGAG-3Ј (reverse).
Cytoprotection Analysis-HeLa cells, HSF1 wild-type mouse embryonic fibroblasts and HSF1 null mouse embryonic fibroblasts were pretreated as indicated, washed, and allowed to recover for 5 h prior to a 45°C heat shock for 40 min (HeLa cells) or 20 min (mouse embryonic fibroblasts). The cells were then assayed for the percentage of cell death by trypan blue uptake 24 h after the 45°C heat shock treatment. (Fig. 1 ) was shown to inhibit the heat shock response in a HeLa cell line stably expressing a human HSP70 promoter-luciferase reporter (Fig.   1B ) that allows for efficient and reproducible screening for small molecule regulators (28) . Using this system, a 1-h heat shock at 42°C followed by 8 h of recovery prior to luciferase analysis was found to provide optimal reporter activity (data not shown). To test the effect of triptolide on induction of the HSP70 promoter, HeLa HSP70-luc cells were incubated with triptolide at increasing concentrations from 10 to 100 nM delivered into the tissue culture medium for 1 h prior to heat shock (Fig.  1C) . Although triptolide on its own did not activate the reporter (Fig.  1C, lane 2) , triptolide treatment prior to heat shock was shown to suppress activation of the HSP70 reporter in a dose-dependent manner, with 100 nM triptolide pretreatment resulting in an ϳ80% inhibition (compare lane 3 with lane 6). Thus, triptolide effectively blocks heat shock induction of the HSP70 promoter-luciferase reporter.
RESULTS

Triptolide Inhibits Activation of the Heat Shock Response-Triptolide
We next tested the effect of triptolide in HeLa cells on the inducible expression of the endogenous HSP70 gene using the same pretreatment and heat shock regimen. To measure HSP70 mRNA levels, the treated cells were immediately harvested following heat shock, and HSP70 mRNA was quantified by RT-PCR (Fig. 1D) . Consistent with the results obtained using the HSP70 promoter-reporter construct, triptolide pretreatment completely suppressed the expression of HSP70 mRNA in a concentration-dependent manner, with 100 nM triptolide reducing the level of HSP70 mRNA below that of untreated cells (Fig. 1D , compare lanes 1 and 2 with lane 5).
To see whether the effect of triptolide is conserved across species, we also tested for inhibition of heat shock-induced Hsp70 levels in mouse embryonic fibroblast cells (Fig. 1E) . Triptolide was equally effective as an inhibitor in this system as well. Thus, triptolide pretreatment can effectively abrogate induction of HSP70 mRNA accumulation by heat shock in both human and mouse cell lines.
We next addressed whether triptolide had general effects on other inducible transcription systems. ZnSO 4 treatment induces multiple stress responsive genes, including in heat shock protein genes in an HSF1-dependent manner and in metallothionein genes in a metal response element-binding transcription factor-1 (MTF-1)-dependent manner (32) . This affords the opportunity to address the specificity of triptolide on both inducible systems at the same time. Thus, we tested the ability of triptolide to inhibit ZnSO 4 -induced HSP70 mRNA versus metallothionein IIA (MTIIA) mRNA. HeLa cells were pretreated with or without 100 nM of triptolide for 1 h followed by treatment with 100 M ZnSO 4 for 2 h. RNA was then harvested, and the levels of HSP70 and MTIIA mRNA were tested by RT-PCR. Our results clearly show that triptolide only affects the metal induction of HSP70, with no effects on inducible MTIIA expression levels (supplemental Fig. 1 ). Therefore, triptolide shows specificity toward HSF1 signaling versus MTF-1 signaling.
Triptolide Does Not Affect HSF1 DNA Binding and Hyperphosphorylation-To identify the step in the heat shock response affected by triptolide, we next focused on the steps involved in the stress-induced activation of HSF1, including formation of DNA-binding trimers and hyperphosphorylation. We first performed electrophoretic gel mobility shift assays (EMSA) to explore whether the inhibitory effect of triptolide is at the level of HSF1 DNA binding. Cells treated either with a 42°C heat shock for various times or with 100 nM triptolide prior to a 42°C heat shock were harvested and assayed by EMSA using a 32 P-labeled probe containing the proximal heat shock element from the human HSP70 gene promoter ( Fig. 2A) . Low levels of HSF1 DNA binding activity are detected in control, unstressed cells (Fig. 2A, lane 1) , and upon heat shock there is a strong activation of HSF1 DNA binding activity due to HSF1 trimer formation (Fig. 2A, lanes 2-6) . The levels of heat shockinduced HSF1 binding were not affected by triptolide pretreatment (Fig. 2A, lanes 7-11) , revealing that the triptolide effect on the heat shock response is not at the level of inhibition of HSF1 DNA binding.
We next investigated another well established step in activation of HSF1 corresponding to stress-induced hyperphosphorylation, which can be detected readily by electrophoretic retardation on SDS-PAGE and Western blot analysis (33) . HeLa cells exposed to either heat shock or sequential triptolide followed by heat shock regimens were harvested and assayed for the shift in HSF1 mobility indicative of hyperphosphorylation. As shown in Fig. 2B , the HSF1 induced in triptolide-treated cells exhibited the same retarded mobility on SDS-PAGE (compare lanes 2 and 3 with lanes 4 and 5), suggesting that hyperphosphorylation of HSF1 was unaffected by triptolide. From these results, we can conclude that triptolide does not disrupt acquisition of DNA binding and hyperphosphorylation in the early steps of HSF1 activation.
Having demonstrated that triptolide did not interfere with the appearance of the DNA binding-competent state of HSF1, we next assessed whether activated HSF1 was in the nucleus and bound to the endogenous HSP70 promoter. Whereas the EMSA assay is an in vitro assay that detects only total available amounts of a DNA binding-competent transcription factor using a DNA binding assay, chromatin immunoprecipitation assays detect the in vivo recruitment of transcription factors to promoter sequences. Chromatin immunoprecipitation using an HSF1 antibody was performed on cells treated with either heat shock or triptolide pretreatment followed by heat shock. The samples were then analyzed by PCR with primers specific for the HSP70 promoter to determine the relative amounts of HSF1 bound (Fig. 2C) . These results show the increased binding of heat shock-induced HSF1 to the HSP70 promoter (Fig. 2C, lanes 3 and 4) and show that triptolide FIGURE 1. Triptolide inhibits the heat shock response. A, the structure of triptolide, a diterpene triepoxide derived from the Chinese plant T. wilfordii. B, diagram of HSP70-luc, an HSP70.1 promoter reporter stably integrated into HeLa cells. HSE, heat shock element. C, triptolide inhibits HSP70 promoter transcriptional activity in HeLa cells stably expressing the HSP70-luc construct. Cells were sequentially treated with the indicated concentrations of triptolide (Trip) followed by a 42°C heat shock (HS) for 1 h. Luciferase assays were carried out 8 h after heat shock. The experiments were performed in triplicate, and the standard error is shown. D, triptolide inhibits heat shock-induced HSP70 mRNA expression in HeLa cells. Cells were pretreated with the indicated concentrations of triptolide for 1 h followed by a 1-h 42°C heat shock. RNA levels for HSP70 and 18S were determined by RT-PCR (top panels), and the relative intensities of the bands relative to 18S were quantified (bottom panel). E, triptolide inhibits heat shock-induced HSP70 mRNA expression in mouse embryonic fibroblast cells. Cells were pretreated with or without 100 nM triptolide for 1 h followed by a 1-h 42°C heat shock. RNA levels for HSP70 and 18S were determined by RT-PCR (top panels) and the relative intensities of the bands relative to 18S were quantified (bottom panel).
does not inhibit the in vivo recruitment of HSF1 to the HSP70 promoter (Fig. 2C, lanes 6 and 7) . Taken together with the previous results, these data confirm that triptolide does not inhibit HSF1 trimer formation, hyperphosphorylation of HSF1, or translocation and binding of HSF1 in the nucleus to the endogenous HSP70 gene promoter.
Triptolide Inhibits the Transactivation Domain of HSF1-Because triptolide inhibits HSF1 activation without altering its DNA binding activity or subsequent hyperphosphorylation, we extended our analysis to examine the effect of triptolide on the transactivation function of DNA-bound HSF1. We transiently cotransfected 293T cells with plasmids encoding a GAL4-HSF1 chimera and GAL4-luciferase reporter. In the GAL4-HSF1 chimera, the DNA binding domain of HSF1 is replaced by the DNA binding domain of GAL4, allowing the analysis of regulatory events downstream of HSF1 DNA binding. The GAL4-HSF1 fusion system has previously been utilized in our laboratory to delineate the C-terminal transactivation domain of HSF1 and the negative regulatory domain (29) . 293T cells, employed in this assay because of their high transfection efficiency, respond in a similar fashion to heat shock as HeLa cells (data not shown). Transfected cells were subjected to either heat shock alone or sequential exposure to triptolide followed by heat shock and were assayed for luciferase activity (Fig. 3) . Triptolide incubation prior to heat shock results in an 11-fold inhibition of heat shockinduced activity (Fig. 3, compare lanes 3 and 4) . From these results, we conclude that the inhibitory effect of triptolide is at the level of transcription by interfering with the proper activity of the C-terminal transactivation domain of HSF1.
Triptolide Is a Reversible Inhibitor of the Heat Shock Response-An irreversible inhibitor of the heat shock response is likely to be harmful to a cell or organism. Permanent effects could occur if the transcriptionally arrested HSF1 persists in an inert complex bound to the endogenous HSP70 promoter or if triptolide is sequestered in the nucleus of treated cells. Alternatively, if the compound is degraded or readily released from the cell, the effect of triptolide could be transient. This latter possibility would predict that the heat shock response should be restored upon removal of triptolide from the medium. To test whether the effect of triptolide is reversible, HeLa cells were treated with 100 nM triptolide for 1 h, after which the cells were washed of the triptolide-containing medium and replaced with fresh medium for periods ranging from 0 to 4 h, subjected to heat shock, and harvested for analysis of HSP70 mRNA levels (Fig. 4) . Using RT-PCR to measure the levels of HSP70 mRNA, we showed that triptolide is not an irreversible inhibitor. A period of at least 4 h following triptolide treatment is necessary for the complete restoration of the heat shock response (Fig. 4, compare lanes 2 and 6) . From these results, we conclude that the inhibitory effect of triptolide, while at the level of functionality of the active HSF1 complex at the HSP70 promoter, does not generate an inert, irreversible complex. Either this complex dissociates, or the inhibitory effect of triptolide itself is dynamic. Triptolide treatment, therefore, can be precisely controlled both for the level and duration of inhibition of the heat shock response.
Triptolide Enhances Stress-induced Cell Death-A well established cellular phenomenon associated with the induction of the heat shock response is cytoprotection, a process in which stressed cells can acquire an enhanced capacity to survive normally lethal stress exposures (28, 34 -37) . The ability of triptolide to block the cytoprotective benefits of a 42°C heat shock administered prior to a lethal 45°C challenge condition was investigated in HeLa cells (Fig. 5A) . Similar to what has been reported previously (28) , treatment of HeLa cells with a 45°C heat shock for 40 min resulted in 75% cell death (Fig. 5A, lane 3) , whereas pretreatment of the cells with a 1-h heat shock at 42°C prior to the lethal 45°C challenge condition reduces cell death to 39% (Fig. 5A, lane 4) . Triptolide treatment alone is neither cytoprotective nor causes cell death (Fig.  5A, lane 2) . However, triptolide pretreatment prior to the cytoprotective 42°C heat shock regimen completely blocks cytoprotection and instead results in enhanced cell death (Fig. 5A, lane 5) . In fact, pretreatment with triptolide alone followed by exposure to 45°C resulted in 100% cell death (Fig. 5A, lane 6 ) compared with 75% cell death when cells are directly challenged with 45°C in the absence of any triptolide treatment (Fig. 5A, lane 3) .
HSF1 is required for cells to exhibit the cytoprotective benefits of a prior heat shock (38) . To determine whether the effects of triptolide on blocking cytoprotection depend on HSF1, we performed cytoprotection experiments utilizing HSF1 wild-type versus null mouse embryonic fibroblasts (Fig. 5, B and C) . As expected, a prior heat shock provides cytoprotection in the wild-type cells but not in the HSF1 null cells. Triptolide was only able to prevent cytoprotection in the wild-type cells, as no cytoprotection was observed in the HSF1 null cells. Additionally, triptolide was able to enhance cell death induced by a lethal heat shock in the wild-type cells but not in the HSF1 null cells, indicating a dependence on HSF1 for this effect. Taken together, these results show that triptolide not only effectively prevents the molecular events that result in cytoprotection, but also sensitizes cells to enhanced levels of stressinduced cell death in an HSF1-dependent mechanism.
DISCUSSION
Triptolide inhibits induction of the heat shock response by blocking a step in the activation of HSF1, which, in turn, prevents the induction of molecular chaperones and thus sensitizes cells to stress-induced cell death. Our results demonstrate that triptolide affects a step in the heat shock transcriptional response after trimerization of HSF1, nuclear localization, and binding to the promoter of the endogenous HSP70 gene but prior to induction of HSP70 mRNA levels (Fig. 6) . We suggest that a likely target of triptolide action is in the assembly of functional transcriptionally active HSF1 complexes on the HSP70 promoter. As one requirement of a transcriptionally active promoter is the recruitment of TBP, and HSF and TBP are known to interact (39), we tested whether triptolide could disrupt TBP recruitment. However, chromatin immunoprecipitation analysis shows that the association of TBP with the HSP70 promoter is not blocked by triptolide. 5 Therefore, the transcriptional step that triptolide inhibits may occur post transcription factor occupancy.
Triptolide is derived from T. wilfordii, the same family of plants from which celastrol was identified as a potent inducer of the heat shock response (28) . It is tempting to speculate that these small molecule regulators of the heat shock response could have physiological relevance in the regulation of the plant heat shock response as well. From a mechanistic perspective, triptolide is a new chemical genetic tool that may prove useful for further stepwise dissection of the heat shock transcriptional response. In this regard, triptolide complements the activity of another plant natural product, sodium salicylate. Sodium salicylate was shown previously to induce HSF1 DNA binding and occupancy but not hyperphosphorylation (40, 41) . However, the HSF1 complexes induced by sodium salicylate were still "on pathway" in the HSF1 cycle and could become hyperphosphorylated by exposure to a subsequent heat shock to acquire full activity upon subsequent stress treatment. The reversible inhibition of the heat shock response by triptolide suggests that the HSF1 complexes bound to the endogenous HSP70 promoter, although nonfunctional, are nevertheless dynamic as heat shock gene transcription recovers upon removal of triptolide.
Triptolide or other functionally related small molecules that act to inhibit the heat shock response may have promise as a novel class of disease therapeutics. An increasing number of disease states are associated with elevated expression of molecular chaperones and the chronic up-regulation of the heat shock response; consequently it follows that these disease states may benefit from small molecule inhibitors of chaperone expression. In the case of cancer, for instance, up-regulation of molecular chaperones is associated with oncogenesis. Experimental evidence supports the hypothesis that the induction of heat shock proteins is required for cells to survive the transformation process. For example, cells derived from mice deficient in HSF1 are insensitive to the oncogene H-ras, whereas wild-type cells are readily transformed (4) . Because both molecular chaperones and HSF1 are essential in protecting cells against proteotoxicity and have important roles in aging, a key aspect in disease therapy will be an ability to modulate the heat shock response transiently rather than to achieve permanent inhibition. The reversibility of triptolide on suppression of the heat shock response, therefore, could represent a particularly advantageous characteristic of this molecule.
Perhaps the most intriguing aspect of triptolide is the ability to enhance stress-induced cell death. Not only was triptolide effective in blocking the cytoprotection achieved by the transient 42°C heat shock, but triptolide pretreatment enhanced the lethality of the 45°C treatment. The sensitization to cell death may be because of the effects of triptolide on other cellular processes, as previous laboratories have demonstrated that triptolide can modulate the transcription factors NF-B and AP-1 (24 -26) . However, because HeLa cells have a low basal level of HSF1 activity, it is also possible that this effect of triptolide occurs through the inhibition of basal expression levels of heat shock genes. Using HSF1 wild-type and null mouse embryonic fibroblasts, we show that the increase in heat-induced cell death in response to triptolide is HSF1-dependent. In summary, our results suggest a role for triptolide in combination with other cancer therapies because of its role in the inhibition of molecular chaperone expression and cytoprotection. . Model for the inhibition of the heat shock response by triptolide. HSF1 exists as an inert monomer and attains its transcriptional activity in a stepwise manner upon exposure to heat shock. In step 1, HSF accumulates in the nucleus and oligomerizes into a DNA-bindingcompetent trimer. In step 2, trimeric HSF1 binds to HSE sequences present in the promoters of target genes. In step 3, HSF1 becomes hyperphosphorylated (P). In step 4, the hyperphosphorylated HSF1 attains complete transcriptional activity resulting in the induction of heat shock gene transcription. Triptolide inhibits the heat shock response at the level of HSF1 transactivation.
